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INTRODUCTION
Casting concrete in heavily reinforced sections, such as those in columns and beams in moment-resisting frames in seismic areas and in some repair sections, makes the placement of concrete quite difficult. Providing proper consolidation can require internal or external vibration that can be critical in sections with high-density reinforcement.
Ensuring thorough consolidation of critical structures with durability and safety concerns is essential and can often depend on the competence of the vibrating crew to ensure adequate consolidation. Using standard vibration techniques with conventional concrete that is not fluid enough may lead to some surface and structural defects resulting from lack of proper bond development between the concrete and the reinforcement as well as the entrapment of air voids in the concrete. Flowable concrete is normally used to reduce labor cost and shorten construction time. Such concrete can have slump consistency close to 200 mm to facilitate placement and consolidation. However, special attention should be given to vibration consolidation of the plastic concrete in order to avoid segregation and bleeding, which may further impair structural performance and surface quality.
One way to reduce the intensive labor demand for vibration of highly congested sections is to use self-consolidating concrete (SCC). Such concrete can spread readily into place and fill the formwork without any mechanical consolidation and with minimum risk of separation of the material constituents. Such concrete is proportioned to exhibit a low yield value and a moderate viscosity to maintain high deformability and filling capacity of the formwork with minimum segregation and flow blockage.
Self-consolidating concrete has been used in a variety of projects in North America, including precast/prestressed applications, repair of concrete infrastructure and, to some extent, construction of reinforced concrete structures. In order for such concrete to have wider acceptance for casting complex and congested structural elements, particularly in seismic areas, more information regarding in situ properties of the hardened concrete should be made available. For seismic construction requiring heavy reinforcement, 3 specifying engineers considering using this new category of high-performance concrete must have adequate knowledge of the structural performance of elements cast with SCC.
Extensive research has been carried out at University of Sherbrooke since the early 1990's to develop formulation expertise required to produce SCC with 28-d compressive strength of 30 to 80 MPa with engineering properties comparable or superior to existing technology. The work has focused particularly on SCC suitable for filling highly congested and restricted sections, including repair applications as well as precast/prestressed applications. The research involved testing the effect of SCC stability on the homogeneity of in situ properties, including mechanical properties, bond strength with embedded reinforcement and prestressing strands, microstructure characteristics, and durability. The determination of the structural performance of highly-congested columns cast with SCC with nominal concrete strengths of 40 to 80 MPa was also part of the investigation and included the comparison of the structural response (load versus deflection, ultimate strength, and ductility) of highly congested columns cast with SCC to that of similar specimens cast with conventionally-vibrated normal concrete (NC) of equal strength. Part of those data was reported by Paultre et al. (1996) regarding the structural behavior of congested columns cast with SCC of compressive strength in the 60 and 80 MPa ranges, as well as control columns cast with adequately consolidated NC of similar strength. The results indicated that high-strength SCC can provide ductility equivalent to that of high-strength NC but with lower ultimate confined concrete strength.
The main objective of the study reported herein was to compare the structural performance of highly confined concrete columns cast with normal concrete and selfconsolidated concrete. The effects of concrete compressive strength (40 to 80 MPa), confining stirrup configuration, and stirrup yield strength (400 and 800 MPa) were also evaluated. The distribution of compressive strength and elastic modulus along the height of plain unreinforced columns was also determined for specimens cast with either NC or SCC.
RESEARCH SIGNIFICANCE
The construction of heavily reinforced concrete members, such as columns and beams in moment-resisting frames in seismic areas, makes the placement of concrete quite difficult. Self-consolidated concrete can be used to facilitate the construction of elements without mitigating structural performance and durability. Most studies on SCC reported in the literature deal with mixture proportioning and characterization of fresh-and hardened-concrete properties with limited information on structural performance. One of the barriers to the widespread acceptance of SCC is the lack of information regarding structural properties of sections cast with SCC. This paper presents for the first time -to the best of the authors' knowledge -results on the mechanical behavior of normal-and high-strength self-consolidated confined concrete columns under concentric axial loading. The results should be of interest to engineers considering the use of such concrete in various structural applications.
MATERIALS
The approach in this research on the development of high-performance SCC for casting highly congested columns involved using high paste volume (and low aggregate volume) to promote high deformability and reduce the risk of blockage and segregation during concrete placement. The water-to-cementitious materials ratio (W/CM) was selected as a function of the targeted compressive strength. The cohesiveness and stability of the plastic concrete were enhanced by incorporating a moderate concentration of viscosityenhancing admixture (VEA), also known as viscosity-modifying admixture, in order to retain some of the free water in suspension, hence increasing the plastic viscosity of the mixture.
Self-consolidating concrete can be distinguished from conventional concrete not only by its high fluidity but also by its composition. Table 1 presents the concrete mixture proportions used for the concrete of the column specimens tested in this study. Table 2 shows the properties of hardened concrete based on standard cylinders prepared when casting each column specimen. These mechanical properties for plain concrete are: compressive strength (f' C ); modulus of elasticity (E C ); peak axial strain (ε C0 ); and axial strain when axial stress reduces to 0.5 f' C (ε C50U ).
EXPERIMENTAL PROCEDURE AND INSTRUMENTATION
This research was completed in two steps. The first step involved the study of the rheological properties of the SCC, while the second part consisted of validating the use of SCC for structural applications. In order to perform the second step, concrete columns were made with SCC and normal concrete.
The workability of fresh SCC was characterized by using a number of testing methods described below. These tests provided the means for comparing different mixtures and predicting the response of fresh concrete for mixture optimization.
Slump-Flow Test:
Conventional concrete has a relatively high yield value; however, under vibration, the yield value is artificially lowered, leading to the spread and compaction of concrete. SCC has a low yield value (or high deformability), making vibration unnecessary. The consistency of SCC is evaluated with the slump-flow test, which consists of determining the mean spread of the concrete at the base of the slump test after the end of spreading. Such value can be related to the yield stress of the concrete, and the rate of spread with time can be related to the plastic viscosity (Khayat et al. 2004 ). The slump-flow test is used to assess filling ability, or the unrestricted deformability of SCC.
Filling-Capacity Test:
This so-called caisson filling capacity test (Yurugi et al. 1993) evaluates the ability of concrete to flow through a series of parallel bars with constant spacing without segregation or blockage, as shown in Figure 1 . SCC with relatively low dynamic segregation resistance or high viscosity and relatively low filling ability will have limited flow through this highly restricted section. SCC with a filling capacity greater than 80% can be expected to fill congested formwork.
Funnel Test:
A trap is opened in a funnel filled with concrete ( Figure 2 ), and the time required to empty the funnel is measured. This test is based on a model proposed by Ozawa et al. (1995) except that the outlet opening of 65x75 mm was modified to 75x75
mm. This test is used to evaluate the flowing ability of the SCC and can assess the dynamic stability of the concrete. A long flow-out duration can be due to segregation (aggregates stacking at the opening) or excessive concrete viscosity.
Structural Testing
The structural research involved axial compression testing of square 235 235 1400 ×× mm column specimens for which the typical geometry and stirrup configurations are shown in Figure 3 . Their structural performances are compared to 7 other test specimens previously tested by Cusson and Paultre (1994) , and Paultre et al. (1996) , where also the concrete mixture proportions for these columns can be found. These columns, together with those previously tested by Cusson and Paultre (1994) and Paultre et al. (1996) , form a complete group of 18 confined concrete columns, enabling the full comparison of the test variables listed above. In addition, three 50 to 60 MPa unreinforced concrete columns were cast to determine the column compressive strength under concentric loading. Two other columns were prepared to evaluate the vertical distribution of in situ compressive strength and modulus of elasticity by testing core samples taken from the bottom, middle and top sections of these column specimens. In general, the distribution of in situ mechanical properties along the height of unreinforced columns was more homogeneous in SCC columns than NC columns. More details on the testing of the unreinforced concrete columns can be found in Khayat et al. (2001) .
Each column specimen is identified with a label consisting of a number followed by a series of letters, as presented in Table 3 The details of the steel reinforcement used for the column specimens tested are presented in Table 3 , along with the concrete compressive strengths and elastic moduli based on During casting of the concrete columns, NC was thoroughly vibrated in the forms, while SCC was only poured into forms from the top without any mechanical vibration. Filling the forms took less than a minute for each column made with SCC and an average of 15 minutes for each NC column. Fresh concrete was sampled with standard 150×300 mm cylinders to determine the concrete compressive strength. Additionally, testing of standard 100×200 mm cylinders under controlled deformation rates was conducted to obtain other key concrete properties listed in Table 2 and the complete stress-stain curve of the unconfined concrete. Cylinder strengths were determined within a day of testing the corresponding columns.
The axial deformation of column specimens were measured using 4 LVDTs (Linear Variable Differential Transformers) installed at each corner of the column, in the central part, over a length of 800 mm. Two layers of stirrups, at mid-height, were instrumented with strain gauges to record the strain in the ties. Each column was capped with thin sulfur layers to achieve flat, smooth and parallel surfaces for uniform compression loading. To ensure that the failure would occur in the instrumented region of the tested specimens, the tapered ends of each test column were further confined with bolted boxes made from 13 mm thick steel plates. The test specimens were loaded on a rigid hydraulic press with load-controlled capabilities, having a maximum compressive load capacity of 6700 kN. An average loading rate of 1kN/sec was maintained during the test, which lasted between 45 and 90 minutes for each column. During testing, a data acquisition system recorded the load and longitudinal deformations of the column specimens at regular intervals, as well as the lateral deformation of the instrumented ties. The testing was terminated when the loading system reached its maximum displacement or when the column specimen was unable to sustain additional loading.
TEST RESULTS

Workability of SCC
In general, all four SCC mixtures with compressive strengths of 40 to 80 MPa had adequate filling capacity test values (82-96%), which were greater than the targeted value of 80%. Higher strength concretes displayed higher V-funnel flow times. For instance, the 80 MPa SCC had a particularly high flow time, which is indicative of high viscosity.
Structural testing
The experimental results are presented in Table 4 and illustrated in Figures 4 to 11. They also include the test results from 7 additional columns tested by Cusson and Paultre (1994) and Paultre et al. (1996) to allow full comparison between column specimens. tests, and the assumption of strain compatibility between steel and concrete. These curves were constructed using the techniques presented in Cusson and Paultre (1994) .
In Table 4 , several parameters were calculated from the resulting load-displacement curves obtained during the column axial load tests. Measured strength parameters (P max , P C1 , and P C2 ) are the maximum axial load carried by the column, the axial load carried by the concrete prior to cover spalling (1 st peak load), and the maximum axial load carried by confined concrete (2 nd peak load), respectively. The theoretical strength parameters (P O , P OC , and P OCC ) are the axial capacities of the column cross-section, of the concrete cross-section before spalling (A C ), and of the concrete cross-section after spalling (A CC ), respectively. The ductility parameters (ε CO, ε C1 , ε C2 and ε C50C ) are the axial strain in plain concrete corresponding to f' c , the axial strain in the column concrete at the first peak load, the axial strain in the column concrete at the second peak load, and the axial strain in confined concrete when the load reduces to 0.5 P C2 , respectively.
ANALYSIS OF RESULTS
Homogeneity of Strength and Elastic Modulus along Column Height
The coring campaign carried out on the unreinforced columns 10X-2 and 10XSCC-2 
Effect of Type of Concrete on Column Strength and Ductility
Strength
The majority of column specimens listed in Table 4 carried a maximum axial load, P max , higher than the corresponding theoretical capacity (P o 
Ductility
Although the use of SCC, as opposed to NC, did not result in higher peak loads, it resulted in improved ductility, especially for the 40 MPa SCC columns. The ratio of the strain at the peak stress of confined concrete to the strain at the peak stress of corresponding unconfined concrete (ε c2/ ε co ), which is an indicator of ductility, varied from 5.71 to 13.73 for NC columns with high-yield strength ties and from 6.36 to 14.15
for SCC columns with high-yield strength ties. The highest increase in ductility from the use of SCC over NC was observed in columns with lower nominal concrete strength.
Effect of Tie Yield Strength on Column Strength and Ductility
Strength
All columns made with high-yield strength ties (800 MPa) had maximum axial load (P max ) greater than the corresponding theoretical capacity (P O = 0.85 f' C A C + f y A st ).
Higher Most columns made with normal-strength ties reached a maximum load on concrete prior to spalling (P C1 ) close to their corresponding theoretical concrete capacity (P OC ). Values of P C1 /P OC varied from 0.85 to 1.03 for the 60-and 80 MPa series, and from 1.10 to 1.13 for the 40 MPa series. Ratios lower than 1.00 are due to premature spalling of the concrete cover, which is frequently observed in high-strength concrete columns (Cusson and Paultre, 1994) . Unreinforced 50 MPa columns displayed similar ratios, which varied from 0.96 to 1.07. This indicates that the columns made with normal-strength ties tested in this study can be considered as columns with low or negligible confinement in terms of strength increase.
Ductility
Columns made with normal-strength ties exhibited the smallest level of confinement.
Values of ε c2 /ε co varied from 1.47 in the 80 MPa series to 5.77 in the 40 MPa series.
These values are rather small when compared to those measured on columns made with high-yield strength ties, which varied from 5.71 in the 80 MPa series to 14.15 in the 60
MPa series. Columns made with normal-strength ties cannot provide high levels of ductility, since once the low yield strength of the steel is reached, additional lateral expansion of the concrete core cannot be further restrained, resulting in rapid tie failure, sudden loss of confinement, and buckling of the longitudinal bars. Specimens 7DSCC0
and 7BSCC0, illustrated in Figure 12 , displayed such brittle behavior with the typical failure plane occurring at about 35° to 40° from the vertical axis. An earlier study (Cusson and Paultre, 1994) found that failure by crushing of concrete or with a failure plane of 45° was an indication of the achievement of optimal confinement in the column.
In general, it can be concluded that high-yield strength ties provided the columns with superior confinement and, as a result, the columns displayed smooth, progressive failure by concrete crushing. This behavior was more distinct for SCC in the 40 MPa series.
Effect of Tie Configuration on Column Strength and Ductility
Strength
The strength parameters in Table 4 It is therefore suggested that tie configuration B, with a center-to-center spacing of 50 mm, should be given preference in the design of highly-confined concrete columns, because it can provide excellent strength and ductility. Moreover, the construction of columns with such tie configuration is less labor intensive than columns with tie configuration D for the same volume of steel reinforcement.
DISCUSSION
It is believed that the lower ultimate strengths and higher ductilities measured for SCC columns compared to NC columns are probably due to a lower SCC modulus of elasticity. SCC contains a smaller volume of coarse aggregate than NC, resulting in lower elastic modulus and larger transverse expansion under compressive load. As a matter of fact, this tendency was demonstrated by comparing the less ductile high-strength NC columns in the 80 MPa series to the more ductile normal-strength SCC in the 40 MPa series. It was found that the difference in ductility between NC and SCC columns decreased as nominal concrete strength increased, probably due to the higher strength and stiffness of the paste itself.
It is therefore suggested that ductility can be achieved, not only by using closely-spaced ties of high-yield strength, but also by using a concrete such as SCC with a high paste content (or low aggregate content). This could also be due to the fact that SCC can develop better bond to the reinforcement, and hence improve ductility, than NC with mechanical consolidation. More research is needed to confirm this statement.
CONCLUSIONS
The mechanical performance of highly confined columns cast with normal concrete (NC) vibrated into place was compared to that of identical columns cast with self-consolidating concrete (SCC). The following conclusions were obtained:
• The use of SCC reduced significantly the time of casting highly congested column sections. The optimized mixtures allowed adequate placement of concrete into heavily reinforced columns and achieved high levels of filling capacity, regardless of tie configuration and design strength.
• Distribution of in situ properties along column height was found to be more homogeneous for SCC columns than NC columns.
• Columns made with SCC offered slightly lower axial load carrying capacities but were more ductile than equally confined columns made with NC. The lower modulus of elasticity of SCC resulting in larger lateral expansion under a given compressive load, may be responsible for this difference between NC and SCC.
• Columns made with high-yield strength ties provided significantly better confinement than similar columns made with normal-strength ties, regardless of concrete type.
Although columns made with normal-strength ties displayed some ductility, they did not offer axial capacities higher than the expected theoretical values.
• Confinement was more effective in normal-strength concrete than in high-strength concrete, as the highest ductility (promoted by the use of either SCC concrete or highyield strength ties) was obtained in columns with lower nominal concrete strength.
• Tie configuration B (with s = 50 mm) should be given preference in the design of highly-confined concrete columns, because it can provide excellent strength and ductility (like configuration D), and the construction of columns with tie configuration B is less labor intensive than with configuration D for the same volume of steel reinforcement.
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